The in-plane and out-of-plane molecular vibrations of chrysene are analysed. Complete sets of independent symmetry coordinates are constructed. The in-plane vibrational frequencies are calculated both by the simple five-parameter approximation and the method of Califano with collaborators. They show a satisfactory agreement with observed values. Calculated frequencies for the out-of-plane vibrations were obtained from a five-parameter approximation. Mean amplitudes of vibration are discussed, and selected values reported. Spectra of chrysene were recorded in Raman and infrared. An almost complete assignment of observed fundamentals was achieved with the aid of the calculated frequencies.
Introduction
Conjugated systems in organic chemistry have been studied by many investigators. In our previous works [1] [2] [3] [4] [5] [6] , the Hückel molecular orbital theory [7] was combined with theoretical analysis in vibrational spectroscopy [8] . In the present work this theory is applied to chrysene.
Although the electronic spectra of chrysene have been investigated rather extensively [9 -11] , we have not found any detailed report of the vibrational spectra. In the extensive work of GarrigouLagrange et al. [12] twenty-one polycondensed aromatics including chrysene are treated by infrared spectroscopy. However, the investigators were mainly interested in the intensities in limited ranges of the spectrum and their relation to the degree of condensation. The Raman spectrum was recorded by Schräder et al. [13] , who used a rudimentary part of the chrysene spectrum for the illustration of Raman laser-micro techniques. Mamantov et al. [14] have reported the matrix isolation Fourier transform infrared spectra of seventeen hydrocarbons. The investigation included chrysene, for which only the four strongest bands are reported.
In the present work complete spectra in Raman, infrared and far infrared were recorded. We also
The infrared spectra between 4000 and 200 cm -1 were recorded with a Perkin-Elmer model 225 spectrometer equipped with a gold grid polarizer. Far infrared spectra were obtained with an evacuable Fourier transform spectrometer (Bruker model 114 c) using beamsplitters of Mylar (3.5, 6 and 12 [x thickness). The sample was studied as KBr and polyethylene pellets and as a nujol mull on KBr and polyethylene windows. Completely oriented polycrystalline films of chrysene on KBr windows were obtained by slow crystallization of the melt between Csl plates under a temperature gradient. Several sets of dichroism spectra were recorded.
Raman spectra of the solid sample was measured with a Cary 81 spectrometer. The 5145 Ä argon line on the 6328 Ä helium-neon laser line were used for excitation with 90° or 180° scattering geometry. The best spectra were obtained with the heliumneon laser in the 180° scattering mode.
The solubility of chrysene e.g. in benzene was not sufficient to permit a solution spectrum to be recorded. Attempts were made to record the Raman spectrum of melted chrysene under nitrogen atmosphere. However, strongly fluorescent impurities were formed and no satisfactory Raman spectra were obtained. 
Molecular Structure
A planar structure with a center of inversion (symmetry C211) was assumed for the chrysene molecule; see Figure 1 . The structural data were taken from the x-ray w r ork of Burns et al. [16] with only small modifications in order to achieve an exactly planar structure. The adopted CC distances are shown as observed data in Table 1 . The following distances (in Ä) were adopted for the CH bonds The molecular orbitals according to the HMO model [7] fall into the different species of the C211 group according to rjl = 9Bg + 9Au.
The Bgand A u types contain respectively the antisymmetrical and symmetrical combinations of the pairs of symmetrically equivalent atomic orbitals.
The 7t-energy levels of the model have been obtained and are given in terms of the x values (x = -2.50 for the ground state) in Table 2 . Although not reported here, all the coefficients combining the Hückel molecular orbitals with the eighteen atomic orbitals were determined, and used to calculate the bond orders of the CC distances, P, defined in the usual way [7] as numbers OrgPrgl.
They are given in Table 1 along with theoretical bond distances calculated from the formula of
Coulson [17] ,
These theoretical distances compare reasonably well with the experimental data included in Table 1 .
This analysis resembles very much the corresponding studies of Cruickshank et al. [18] . Many modifications of computations along the same lines have been reported; the literature is too voluminous to be reviewed here.
Symmetry Coordinates
The normal modes of vibration are distributed among the symmetry species of the C2h group according to
.TVIB = 29 + 13 5G + 14.4 U + 28
The A g and Bu are in-plane modes while Bg and An are out-of-plane. The fundamentals of ^4g and Bg are Raman active while those of Au and Bu are active in the infrared.
In-Plane Coordinates
In order to construct a complete set of independent symmetry coordinates we considered an "open" structure as shown in Figure 3 . Although this structure has no physical reality, it is useful for identifying redundancies among the coordinates, and does not affect any of the calculated physical properties. Figure and
Altogether we have constructed the following inplane symmetry coordinates, specified in terms of the types of Valence coordinates: 
Out-of-Plane Coordinates
Again we considered the "open" structure (see Fig. 4 ) when choosing the CC torsional coordinates. The CH out-of-plane bendings were included for all of the H atoms even when involving the bonds omitted in the "open" structure. The Bg and Au species contain the antisymmetrical and symmetrical combinations, respectively, of each pair of symmetrically equivalent coordinates. The complete set of out-of-plane symmetry coordinates is specified below in terms of the types of valence coordinates. The CH out-of-plane bendings are denoted y; <5 and e are CC out-of-plane bendings, and r are CC torsions. All the torsions are of the "boat" type within the same benzene ring. The torsions, rijmn, were multiplied by (ryrTOW)i/ 2 .
The out-of-plane bendings, say ytjkn, w T ere multiplied by [(^r^)!/ 2^, ,] 1 / 2 when the anchor atoms are identified by i and j while n is the end atom.
These are all conventional scaling factors with the dimension of length.
Normal Coordinate Analysis for the In-Plane Vibrations

Five-Par am et er A pproximat ion
The simple five-parameter approximation for the in-plane force field [2, 3, 19] was applied to chrysene. The derived [2, 19] force constants for the CC bonds (considered as one parameter) are shown in Table 1 .
The calculated frequencies are given in Table 3 (Species Ag) and Table 4 (Species Bu). 
Califano-Neto Method
Discussion
The force constants for the CC stretchings from the two methods (see above) are not directly comparable, as was discussed in detail with the analysis of pyrene [3] . In order to compare the two force fields we have transferred both of them to the same basis of independent symmetry coordinates. The complete symmetry force-constant matrices are not reproduced here for the sake of brevity; only the diagonal elements are given in Table 5 . In some cases (especially Nos. 16 -23 and 71-78) we find very large differences obtained from the two methods. This phenomenon was not observed in pyrene [3] ; a strikingly similar pattern of the forceconstant matrices from the two different methods was displayed in that case.
In spite of the large differences in the force-constant matrix elements the calculated frequencies from the two methods (see Tables 3 and 4) are comparable. They demonstrate again in a striking way the practical applicability of the five-parameter approximation [2, 3, 19] in spite of its great simplicity.
Either one of the calculated sets (a and b) of vibrational frequencies (Tables 3 and 4) were found to be useful as an aid in a tentative assignment of present experimental data. The resulting assignments are included in Tables 3 and 4 . The agreement between calculated and observed frequencies is better in most of the cases for the set from the Califano-Neto method (b).
Normal Coordinate Analysis for the Out-of-Plane Vibrations
The previously derived five-parameter approximation for the out-of-plane force field of condensed aromatics [6, 19, [25] [26] [27] was applied to chrysene. The calculated frequencies are shown in Table 6 . They were used as an aid in a tentative assignment of observed frequencies. The result of this assignment is included in the table.
Spectra Assignments
The infrared spectrum of an oriented polycrystalline sample of chrysene studied with polarized radiation in the region 1700-200 cm -1 is shown in Figure 6 . A far infrared spectrum of 10 mg and 30 mg chrysene in polyethylene pellets covering the range 500-50 cm -1 is given in Figure 7 . A complete list of the observed infrared and Raman frequencies has not been given for the sake of brevity. However, nearly all the observed Raman bands and a majority of infrared bands have been assigned as fundamentals and are listed in Tables 3,  4 No reliable attributions to ag and bg modes could be made since we lack Raman polarization values.
As apparent from Tables 3 and 6 were attributed to lattice modes. All our infrared dichroism spectra of different samples were similar to the one shown in Fig. 6 , suggesting the same crystal orientation relation to the Csl plates for all the samples. The relative orientation of the a, b and c-axes have not been determined by x-ray methods. However, the infrared bands could be divided into three classes: those with a strong component in a preferred direction (x-direction), those with a strong component 90° from the former («/-direction) and a few bands with no preferred direction. All the bands above 1050 cm -1 were intense in the ^-direction (dotted line in Fig. 6 , and additional bands around 3000 cm" 1 ). Below 1000 cm -1 , approximately half the bands were more intense in the ^-direction, the other half in the «/-direction (solid line in Figure 4 ). The latter class of bands were assigned as the out-of-plane modes an of Table 5 .
All the bands attributed as bu modes (Table 4) w T ere without exception intense in the ^-direction or without any preferred dichroism. Only for the bands below 200 cm -1 (Fig. 7) no polarization data were available.
A number of w r eaker infrared bands were assigned as combination modes of which 13 belonged to An and 18 to Bu.
Mean Amplitudes of Vibration
In chrysene there are 225 types of bonded and nonbonded interatomic distances. The mean amplitudes of vibration, I [15] , have been computed for all these distances at different temperatures using the different force fields. For the sake of brevity only an extract of this material is reported in the following. All the mean amplitude values reported here pertain to the temperature of 298 K. Table 7 shows the results for the bonded CC distances according to the (a) five-parameter approximation and (b) Califano-Neto force field. The differences between the two results are relatively small and similar to deviations found for the other types of distances. Therefore, only the results from one force field, the five-parameter approximation, are treated in the following.
The mean amplitudes for the six types of bonded CH distances at 298 K are all 0.0774 Ä.
The nonbonded CC mean amplitudes in numerous condensed aromatics according to the five-parameter approximation have been treated in detail Figure 1 .
elsewhere [5, 28] . Following the classification of distances developed previously [5, 28] we give a summary of the appropriate ranges of mean amplitudes in Figure 8 . These ranges are in general comparable to those of the other condensed aromatics investigated [28] ; yet a few comments should be attached to the chrysene values. Within type 5. A full report on the 102 types of nonbonded CH mean amplitudes is too voluminous to be given here. Most of these mean amplitudes may be classified according to the types also found in pyrene [3] and were also found to have similar numerical values. Others were found with similar values as the corresponding ones in phenanthrene [29] . The remaining ones, which so far are specific for chrysene, are listed in Table 8 . are again found to be similar to those in pyrene [3] and phenanthrene [29] .
